In experimental visceral leishmaniasis, in which the tissue macrophage is the target, in vivo responsiveness to conventional chemotherapy (pentavalent antimony [Sb]) requires a T-cell-dependent mechanism. To determine if this mechanism involves gamma interferon (IFN-␥)-induced activation and/or specific IFN-␥-regulated macrophage leishmanicidal mechanisms (generation of reactive nitrogen or oxygen intermediates, we treated gene-deficient mice infected with Leishmania donovani. In IFN-␥ gene knockout (GKO) mice, Sb inhibited but did not kill intracellular L. donovani (2% killing versus 76% in controls). Sb was active (>94% killing), however, in both inducible nitric oxide synthase (iNOS) knockout (KO) and respiratory burst (phagocyte oxidase)-deficient chronic granulomatous disease (X-CGD) mice. Sb's efficacy was also maintained in doubly deficient animals (X-CGD mice treated with an iNOS inhibitor). In contrast to Sb, amphotericin B (AmB) induced high-level killing in GKO mice; AmB was also fully active in iNOS KO and X-CGD animals. Although resolution of L. donovani infection requires iNOS, residual visceral infection remained largely suppressed in iNOS KO mice treated with Sb or AmB. These results indicate that endogenous IFN-␥ regulates the leishmanicidal response to Sb and achieves this effect via a pathway unrelated to the macrophage's primary microbicidal mechanisms. The role of IFN-␥ is selective, since it is not a cofactor in the response to AmB. Treatment with either Sb or AmB permits an iNOS-independent mechanism to emerge and control residual intracellular L. donovani infection.
In the susceptible host, control of visceral leishmaniasis revolves around the state of activation of the tissue mononuclear phagocyte. Unstimulated resident macrophages of the liver, spleen, and bone marrow, the target cells in this disseminated intracellular infection, initially support parasite replication. However, if an experimentally well-characterized T-cell (primarily Th1-cell)-dependent, multicytokine-mediated response emerges (reviewed in reference 14) , the same macrophages and tissue-homing blood monocytes develop sufficient leishmanicidal activity to control and largely resolve the infection without chemotherapy. Of several key antileishmanial cytokines (14) , gamma interferon (IFN-␥) plays a particularly prominent macrophage-activating role (33, 40, 45) which extends to the priming of macrophages to secrete leishmanicidal molecules. In experimental infection, the latter include inducible nitric oxide synthase (iNOS)-derived reactive nitrogen intermediates (RNI) and respiratory burst-derived reactive oxygen intermediates (ROI) (12, 20, 24, 27, 30, 40) .
Prompt, unimpeded activity of this or a similar immune response may also explain why the majority of otherwise healthy individuals infected with visceralizing Leishmania organisms remain asymptomatic or spontaneously resolve oligosymptomatic disease without treatment (reviewed in reference 14) . In patients who do develop a fully established infection (kala-azar) and require therapy, this T-cell-dependent mechanism has failed by definition. Nevertheless, in this setting, two observations suggest that even though suboptimally developed or actively suppressed (14, 17) T cells still serve the infected host by regulating responsiveness to conventional antileishmanial chemotherapy, pentavalent antimony (Sb). First, while Sb exerts potent microbicidal effects in Leishmania donovani-infected euthymic mice (15) , it is entirely inactive in T-celldeficient athymic (nude) mice (21) . Second, although Sb cures Ͼ90 to 95% of immunocompetent infected individuals with in the Mediterranean, as many as 40 to 50% or more of the CD4 cell-depleted patients from the same region with AIDS-related kala-azar fail to show an initial response to Sb treatment (reviewed in reference 13).
Although these latter two observations point to endogenous host mechanisms which regulate the response to Sb in visceral leishmaniasis, it is worth noting that responses to amphotericin B (AmB), now an increasingly used alternative antileishmanial agent (36) , differ. For example, AmB is fully active in nude mice (18) and limited data suggest satisfactory initial effects in AIDS-related kala-azar (13) .
To extend related analyses of both immunochemotherapy and immunodeterminants of the host response to antileishmanial chemotherapy (15, 21, 38) , this report focuses on the parasitized target cell (the visceral macrophage) and examines the effects of the IFN-␥-induced activated state and IFN-␥-regulated macrophage leishmanicidal mechanisms on the outcome of experimental infections treated with Sb or AmB.
MATERIALS AND METHODS
Animals. IFN-␥ gene knockout (GKO) mice, bred on a C57BL/6 background, were obtained from Charles Rivers Laboratories (Wilmington, Mass.) (40) . Respiratory burst-deficient gp91 phoxϪ/Ϫ (X-linked chronic granulomatous disease [X-CGD]) mice with a targeted disruption of the gp91 phox subunit of the NADPH-oxidase complex (phox) (20) were derived from a C57BL/6 ϫ 129/Sv background and provided as breeders by M. Dinauer (Indiana University Medical Center, Indianapolis). Normal C57BL/6 mice (Charles Rivers Laboratories) were used as controls for both GKO and X-CGD mice (20) . iNOS Ϫ/Ϫ knockout (KO) mice (C57BL/6 ϫ 129/Sv) (7) were provided by C. Nathan (Weill Medical College of Cornell University, New York, N.Y.); wild-type ϩ/ϩ littermates served as controls (20) . Mice were 8 to 15 weeks old when challenged with L. donovani; both males and females were used in a random fashion, except for control C57BL/6 mice (all female).
Visceral infection. Groups of 4 to 6 mice were injected via the tail vein with 1.5 ϫ 10 7 hamster spleen-derived L. donovani amastigotes (1 Sudan strain) (20) . Visceral infection was monitored microscopically by using Giemsa-stained liver imprints in which liver parasite burdens (in Leishman-Donovan units [LDU] ) were determined by multiplying the number of amastigotes per 500 cell nuclei by the liver weight (micrograms) (20) .
Antileishmanial treatment. Two weeks after infection (day 0), liver parasite burdens were determined and mice then received no treatment, a single intraperitoneal injection of Sb, or three alternate-day intraperitoneal injections of AmB as in previous studies (15, 18, 21) . Sb (sodium stibogluconate [Pentostam] ; Wellcome Foundation Ltd., London, United Kingdom) was given on day 0 at either 500 or 100 mg/kg (15) . Suboptimal-dose Sb (100 mg/kg) was used to detect possible subtle defects in the response to treatment. AmB (Gensia Laboratories Ltd., Irvine, Calif.) was used at an optimal dose of 5 mg/kg and given on days 0, ϩ2, and ϩ4 (18). On day ϩ7 (1 week after treatment was started), mice were sacrificed and liver parasite burdens were measured. Day ϩ7 and day 0 parasite burdens were compared to determine percent parasite killing (15) ; differences between mean values were analyzed by a two-tailed Student t test.
In separate experiments designed to test the durability of the response to treatment, groups of iNOS KO mice infected 2 weeks earlier were treated with Sb or AmB as described above and liver parasite burdens were determined at both 1 and 9 weeks after treatment. In these experiments, a smaller challenge inoculum (10 7 amastigotes) was used because of the enhanced susceptibility of iNOS KO mice to L. donovani (20) .
AG treatment. In some experiments, X-CGD mice were also treated continuously with aminoguanidine (AG; Sigma Chemical Co., St. Louis, Mo.), which was used as an iNOS inhibitor (20, 40) . Starting 1 day after infection and continuing for the next 3 weeks (up to and throughout treatment with Sb or AmB), 2.5% (wt/vol) AG was present in the animals' acidified drinking water, which was changed twice weekly; controls received acidified water alone (40) .
RESULTS
Treatment response of IFN-␥ GKO mice. Sensitized T cells are required for leishmanial antigen-induced secretion of IFN-␥, a cytokine which activates macrophages in vitro and in vivo to kill L. donovani (12, 14) . In a prior study carried out to determine if low levels of endogenous IFN-␥ could explain why L. donovani-infected, T-cell-deficient nude mice failed to respond to Sb (21), euthymic animals were treated with anti-IFN-␥ serum and then with Sb (16) . We anticipated that the result would be inhibition of Sb's activity since IFN-␥ and Sb act synergistically in vivo (15, 38) , and providing nude mice with exogenous IFN-␥ partially restored Sb's efficacy (21) . However, the leishmanicidal response to Sb in anti-IFN-␥ serum-treated normal mice was not impaired (16) .
The subsequent availability of GKO mice, which proved considerably more susceptible to L. donovani than anti-IFN-␥ serum-treated mice (33, 40) , provided the opportunity to reexamine this question in a host actually devoid of IFN-␥. As shown in Table 1 , normal C57BL/6 controls responded to Sb at 100 and 500 mg/kg with leishmanicidal activity (45 and 76% killing of liver amstigotes, respectively). In contrast, GKO mice showed no response to Sb at 100 mg/kg, and while treatment with 500 mg/kg inhibited parasite replication, this treatment failed to induce killing. This latter result identified endogenous IFN-␥ as a required regulatory cofactor in the host leishmanicidal response to Sb. (This result also suggested that our original findings with anti-IFN-␥ serum-treated mice (16) most likely reflected incomplete cytokine neutralization.) Despite the failure to respond to Sb, however, GKO mice proved fully responsive to AmB (85% killing; Table 1 ).
Treatment response of mice deficient in IFN-␥-regulated macrophage leishmanicidal mechanisms. While multiple cytokines and factors prime macrophages for enhanced production of RNI and ROI (14, 20, 23, 24, 27, 30) , IFN-␥ is thought to play a central role in the upregulation of both microbicidal mechanisms (12, 20, 23, 24, 27, 30, 33, 40, 45) . In vitro, IFN-␥-activated mouse peritoneal macrophages kill ingested L. donovani amastigotes by generating either iNOS-derived RNI or respiratory burst-derived ROI (11, 12, 27) ; studies with iNOS KO and X-CGD mice have also confirmed that these mechanisms operate in vivo and that early on they act together to limit initial visceral parasite replication (20) . To determine if the defective response of GKO mice to Sb reflects impaired activity in either of these primary leishmanicidal pathways, X-CGD and iNOS KO mice infected 2 weeks earlier were treated with Sb. Sb (500 mg/kg) remained highly active, however, and killed 94 to 96% of the liver parasites in the absence of either phox or iNOS (Table 1) ; the response to a suboptimal dose of Sb (100 mg/kg) was similarly preserved. Both iNOS KO and X-CGD animals also responded normally to AmB.
Effects of Sb and AmB on X-CGD mice treated with an iNOS inhibitor. Since iNOS KO mice produce ROI normally (7) and X-CGD mice show normal RNI secretion (20) , it was still possible that one IFN-␥-regulated mechanism is sufficient to support responsiveness to chemotherapy. Therefore, infected X-CGD mice were treated continuously with AG to inhibit iNOS activity (20) and then injected with Sb. In two experiments with these mice doubly deficient in macrophage leishmanicidal mechanisms (20) , liver parasite burdens were reduced from 5,220 Ϯ 251 LDU on day 0 (n ϭ 8) to 2,632 Ϯ 331 a Two weeks after L. donovani challenge (day 0), parasite burdens were determined and mice received no treatment or a single dose of Sb (100 or 500 mg/kg) or three injections of AmB (5 mg/kg) on alternate days. One week after treatment had started (day ϩ7), all of the mice were sacrificed. Normal C57BL/6 mice served as controls for GKO and X-CGD animals; wild-type littermates served as controls for iNOS KOS. Results are for two or three experiments with 8 to 18 mice per group.
b Percent killing ϭ [(day 0 LDU Ϫ day ϩ7 LDU)/day 0 LDU] ϫ 100. In all five groups of AmB-treated mice and in all groups of Sb-treated mice, except GKO mice, mean day ϩ7 values are significantly lower than day 0 values (P Ͻ 0.05).
LDU by treatment with Sb at 100 mg/kg (n ϭ 8 mice; 50% killing) and to 1,241 Ϯ 143 LDU by a single injection of 500 mg/kg (n ϭ 12 mice; 76% killing) on day ϩ7. Corresponding Sb-induced parasite killing in X-CGD mice treated with acidified water alone (n ϭ 8 or 9 mice per group) was 55 and 88%, respectively (data not shown). These values of percent killing were not significantly different (P Ͼ 0.05) from those in AGtreated X-CGD mice. Thus, Sb maintained its efficacy in mice apparently deficient in both phox and iNOS.
Experiments using AmB in AG-treated mice, however, proved unsuccessful because of toxicity. Although 100% of AG-treated X-CGD mice given Sb survived, 15 of 18 such animals given AmB died by the time of or within 3 days after the third injection of AmB. In one of the three experiments performed, three of six mice treated with AG plus AmB remained healthy and appeared to show an intact response to AmB: liver parasite burdens declined by 86%, from 4,936 Ϯ 349 LDU on day 0 (n ϭ 6 mice) to 702 Ϯ 57 LDU on day ϩ7 (n ϭ 3 mice). While we are uncertain why most of these animals died, it is worth noting that infected X-CGD mice tolerate weeks of treatment with AG alone (20) and that there were no deaths among X-CGD or iNOS KO mice treated with AmB alone. In a separate follow-up experiment (n ϭ 8 mice per group), infected C57BL/6 controls and both infected and uninfected X-CGD animals were treated in the same fashion with AG and then AmB; all of the mice in each of these three groups died during or shortly after AmB administration. Thus, neither the deficient respiratory burst in X-CGD mice nor the additional presence of L. donovani explained the acute lethal effect of combining AmB with AG.
Response to treatment in the absence of tissue granuloma formation. In addition to inducing macrophage leishmanicidal activity in this L. donovani model, endogenous IFN-␥ also serves to attract mononuclear cells to parasitized visceral foci and regulates their assembly into granulomas (14, 33, 40) . The apparent correlation in both nude and GKO mice between Sb unresponsiveness and the failure to form granulomas ( Fig. 1)  (14, 35, 40 ) raised the possibility that Sb's leishmanicidal efficacy in the tissues was granuloma dependent. However, granulomas were also essentially absent in iNOS KO and X-CGD mice at this early stage of infection ( Fig. 1) (20) and these mice responded to Sb (Table 1) .
Outcome after initial response to treatment. To complete these experiments, we examined the long-term effects of treatment and selected iNOS KO mice for study because, in addition to permitting unrestrained parasite replication early on, these animals also fail to resolve a visceral infection (20) . (Neither of the other two types of mutant mice was suitable for testing, since after initial heightened susceptibility, X-CGD mice control L. donovani via a pathway which involves iNOS [20] and GKO mice reduce their parasite burdens after week 8 via a late-acting [tumor necrosis factor alpha-mediated, iNOSassociated] mechanism [40] .)
Although iNOS KO mice were fully responsive to Sb and AmB during treatment (Table 1) , we anticipated that the absence of leishmanicidal RNI in iNOS KO mice would permit surviving parasites to resume replication once the drug effect had dissipated. As indicated in Table 2 , visceral infection increased during the 12-week period in untreated iNOS KO mice (albeit at lower overall levels, presumably reflecting the reduced size of the challenge inoculum used in these experiments [see Materials and Methods]). In one of the experiments in Table 2 , liver parasite burdens were also determined at week 8, as well as at week 12. These results (1,955 Ϯ 232 LDU [n ϭ 6] at week 8 versus 3,176 Ϯ 361 LDU [n ϭ 7] at week 12) confirmed that infection had increased throughout the 12-week period.
As shown in Table 2 and as expected, both Sb and AmB initially induced Ͼ90% killing in treated animals. Surprisingly, however, during 9 weeks of posttreatment observation, residual hepatic infection declined further in AmB-treated mice and increased only modestly in Sb-treated animals. These findings suggested that in treatment-modified versus unmanipulated visceral infection (20) (Table 2) , an iNOS-independent mechanism had emerged to prevent or limit reactivation of intracellular infection.
Histologic examination of the livers of untreated mice 12 weeks after infection (Fig. 2) showed macrophages heavily laden with replicating amastigotes surrounded by the intense (albeit ineffective) granulomatous response which eventually develops in iNOS KO mice (20) . At the same time point (9 weeks after drug administration), examination of livers of treated mice not only confirmed the presence of few intracellular amastigotes but also demonstrated nearly complete resolution of the inflammatory response. Two weeks after challenge with a reduced L. donovani inoculum (see Materials and Methods), iNOS KO mice received no treatment, a single injection of Sb (500 mg/kg), or three alternate-day injections of AmB (5 mg/kg). Liver parasite burdens were determined just before (week 2) and 1 (week 3) and 9 (week 12) weeks after treatment. Results are from two experiments with 10 to 15 mice per group. In untreated wild-type controls challenged in parallel, liver parasite burdens were 888 Ϯ 71 and 51 Ϯ 9 LDU at weeks 2 and 12, respectively (n ϭ 8 mice per time point).
DISCUSSION

Sb exerts intracellular leishmanicidal activity when applied to macrophages parasitized by L. donovani, and this in vitro
b P Ͻ 0.05 versus untreated control mice.
FIG. 2. Photomicrographs of livers of untreated and treated iNOS KO mice 12 weeks after L. donovani infection. Untreated mice (A and B)
show heavily parasitized foci (arrows) surrounded by an intense but ineffective granulomatous response. In contrast, in mice treated 9 weeks earlier with Sb (C) or AmB (D), few amastigotes are visible and tissue inflammation has nearly entirely resolved. Magnifications: A, C, and D, ϫ200; B, ϫ500.
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on August 15, 2017 by guest http://iai.asm.org/ effect does not require either T cells or exogenous cytokines (15, 21) . Nevertheless, despite this direct activity and high-level efficacy in euthymic mice (15) , Sb is entirely inactive in T-celldeficient nude mice (21) . Together with the capacity of T cells to reconstitute a response to Sb in nude mice (21) , it seems clear that an intervening T-cell-dependent mechanism is required for optimal in vivo responsiveness to this therapeutic agent. The results of the present study identify endogenous IFN-␥ as the likely host T-cell-derived cofactor which regulates the in vivo expression of Sb's killing effect. At the same time, these results also demonstrate that fulldose Sb (500 mg/kg) can still achieve some antileishmanial effect in GKO mice, albeit suboptimal (leishmanistatic). Since lower-dose Sb (100 mg/kg) induced neither parasite killing nor inhibition in GKO mice while inducing ϳ50% killing in C57BL/6 controls (Table 1 ), there appears to be a dose threshold above which Sb can inhibit parasite replication in the absence of endogenous IFN-␥. However, this leishmanistatic effect, too, requires a separate host mechanism, since up to three Sb injections of 500 mg/kg (rather than one injection) fails to induce even leishmanistatic activity in nude mice (21) . Other than that it is T cell dependent (21), the nature of this additional mechanism is unknown.
In presence of macrophages, the efficacy of Sb is augmented, and this in vitro-documented effect can be enhanced still further by first activating the macrophages (1, 4, 15, 31, 32) . To begin to understand which of IFN-␥'s pleiotropic host defense effects permitted the in vivo expression of Sb's killing activity, we focused on the tissue macrophage, which represents not only the target cell for Leishmania but also a principal target for IFN-␥-induced activation (12, 14, 33, 45) . Specifically, we examined what role that either or both of the macrophage's primary leishmanicidal mechanisms, regulated by IFN-␥ (12, 20, 23, 24, 27, 30, 33, 40, 45) , might play. Sb retained its efficacy, however, in tissues devoid of iNOS-derived RNI or phox-derived ROI, indicating that neither mechanism by itself influences Sb's action. Moreover, the leishmanicidal effect of Sb was also not significantly impaired in mice rendered deficient in both killing mechanisms. Thus, it appears that endogenous IFN-␥ regulates the response to Sb by an action(s) unrelated to the activity of these two basic macrophage microbicidal mechanisms.
In addition to inducing macrophage activation (12) , IFN-␥ is also required in this model for mononuclear cell recruitment to parasitized sites and for granuloma formation, the tissue correlate of acquired resistance (33, 40) . Therefore, we also considered that the absence of granuloma assembly and a circumscribed inflammatory microenvironment might explain the failure of GKO mice to respond properly to Sb. However, both iNOS KO and X-CGD mice showed an intact response to Sb at a time when these hosts were also granuloma deficient (20) .
While the nature of the IFN-␥-dependent mechanism which acts as a regulatory cofactor for Sb remains to be identified, other macrophage-associated effects are possible, including enhancement of an antimicrobial pathway unrelated to RNI or ROI (20, 29) or the increased accumulation of Sb demonstrated in IFN-␥-treated macrophages in vitro (15) . A third possible role for endogenous IFN-␥ in its interaction with Sb is separate activating effects on T cells (33) , including maintenance of a pro-host defense Th1-cell-associated immune response which may counterbalance a simultaneously induced, suppressive Th2-cell mechanism (9, 17, 37) . In response to cutaneous L. major infection, for example, GKO mice default to such a Th2-cell-associated mechanism (44) which is capable of inhibiting T-cell function and cytokine release, deactivating macrophages, and promoting progressive infection (9, 14, 22, 44) . However, despite a vigorous Th2-cell response, L. majorinfected mice respond to Sb during the period in which the drug is administered (22) . In our preliminary studies, mice manipulated to react to L. donovani with a disease-exacerbating Th2-cell mechanism (17) also retained responsiveness to Sb during treatment (unpublished observations).
Provoked by the growing clinical problem of Sb treatment failures in India (6, 36, 39) and in human immunodeficiency virus-coinfected patients elsewhere (13) , the use of alternative antileishmanial agents, primarily AmB, has increased appreciably (36) . AmB differs from Sb in not sharing a requirement for host T cells for its vivo effect (18) and, as documented here, does not require endogenous IFN-␥ or the IFN-␥-activated macrophage or its primary microbicidal mechanisms for killing of visceral L. donovani.
The preserved efficacy of AmB in GKO, X-CGD, and iNOS KO mice is relevant to note for other reasons as well. AmB has well-recognized intrinsic immunomodulatory actions (5, 8, 25, 43, 47) which may mediate some of its intracellular antifungal effects (10, 25, 46) . Such actions include stimulation of cytokine gene expression and/or release (3, 28, 41, 49) and, in conjunction with IFN-␥, enhancement of iNOS induction and/or ROI production by macrophages (10, 46) . Our results obtained with L. donovani suggest that neither of the latter two mechanisms nor the presence of IFN-␥ is required for AmB's in vivo intracellular activity, albeit toward a protozoan rather than a pathogenic fungus. The observation that GKO mice infected with Histoplasma capsulatum are also fully responsive to AmB therapy (2, 48), however, lends support to the preceding conclusion.
AmB also induces macrophages to release TNF-␣ (3, 41), another inflammatory cytokine with well-defined antileishmanial effects (27, 42) which include acting alone (40) or with IFN-␥ to increase the production of RNI or ROI (24, 27, 30) . Nevertheless, in preliminary experiments, AmB's leishmanicidal activity was not impaired in TNF-␣ KO mice (unpublished data). Thus, the in vivo action of AmB against L. donovani may well prove to be independent of regulation by host antileishmanial immune mechanisms and therefore entirely direct.
Finally, it is worth commenting on the observation that residual infection in treated iNOS KO mice remained largely suppressed for a prolonged period after brief treatment with AmB or Sb, respectively. This finding was unexpected for three reasons: (i) in the same type of experiment carried out with nude mice, visceral infection predictably relapsed in the absence of host T cells within 8 weeks of near eradication induced by AmB (19); (ii) like T cells, iNOS is also required for resolution of visceral infection in this model (20) ; and (iii) in a separate model, treatment with an iNOS inhibitor led to prompt reactivation of a previously healed local cutaneous infection caused by L. major (34) . Nonetheless, our results appear clear (Table 2 and Fig. 2 ) and suggest that under the parasite burden-reducing effects of even short-course chemotherapy, a mechanism unrelated to iNOS emerges to maintain control over residual visceral amastigotes. Since infection in AmB-treated nude mice relapses (19) , this still-to-be-characterized and perhaps novel iNOS-independent antileishmanial response is likely to be T cell dependent and probably cytokine mediated.
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